We are aiming to study the J/ψ → ppη ′ decay in an isobar model and the effective Lagrangian approach. After a careful exploration of the contributions of the S11(1535), P11(1710), P13(1900), S11(2090) and P11(2100) resonances, we conclude that either a subthreshold resonance or a broad P -wave state in the near threshold range seems to be indispensable to describe present data of the πN → η ′ N . Furthermore, at least one broad resonance above η ′ N threshold is preferred. With this detailed analysis, we could give the invariant mass spectrum and Dalitz plot of the J/ψ → ppη ′ decay for the purpose of assisting the future detailed partial wave analysis. It is found that the J/ψ → ppη ′ data are useful for disentangling the above or below threshold resonant contribution, though it still further needs the differential cross section data of πN → η ′ N to realize some of the resonant and the non-resonant contribution. Our results are enlightening for the η ′ N production mechanism and the properties of the nucleon resonances with the mass around 2.0 GeV.
I. INTRODUCTION
In recent years, plenty of information on nucleon resonances [1] has been obtained by a wealth of phenomenological studies on numerous data of the πN , γN , eN reactions and pN collisions [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . However, despite a great deal of theoretical and experimental efforts, our knowledge of nucleon resonances around 2.0 GeV is still scarce because of the presence of many resonances and opening channels in this energy region. Alternatively, the hadronic decay channels of heavy quarkonium have attracted much attention due to their advantage in extracting empirical information of resonances with isospin 1/2. In this area, a lot of progress have been made on the study of the decay of the charmonium states, e.g. J/ψ, ψ(3686), ψ(3770) and χ cJ states by BES and CLEO collaborations [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] . In particular, it is advanced by the wide implementation of the tools of partial wave analysis (PWA) [47] [48] [49] to the tremendous (up to billion) events accumulated with the BESIII detector at the BEPCII facility. In these fruitful PWA works which mainly concentrate on the NN π channels, not only the peak of known N * resonances are directly observed, but also the evidence of several new resonances with higher mass are found [36] [37] [38] , e.g. N * (2040) with J P = 3/2 + found in J/ψ → ppπ 0 [36] and N * (2300) with J P = 1/2 + and N * (2570) with J P = 5/2 − appeared in ψ(3686) → ppπ 0 [38] .
It is indispensable to explore the decay modes with final mesons other than π-meson in order to search for the missing states coupling weakly to π-meson. Unfortu- * Electronic address: caoxu@impcas.ac.cn † Electronic address: xiejujun@impcas.ac.cn nately, up to date we know little about the coupling of the η ′ -, ω-, and φ-mesons to nucleon resonances [50] and the interaction of these mesons with the nucleon [51] . In past decades, the production of these mesons in the γN and pN reactions have been widely investigated, mainly motivated by the increasing data measured by CLAS, CBELSA and COSY groups [24] [25] [26] [27] [28] [29] [30] [31] [52] [53] [54] . But the results are quite inconclusive for the moment. It is still not firmly established which resonance(s) play the important role in these reactions, and it is still controversial whether the sub-threshold resonances have essential contributions. In order to resolve these ambiguities, it is natural to deliver our sight into the strangeness decay of charmonium states, e.g. NN η ′ , NN φ, and the associate strangeness decay channels NΛK and NΣK [42] .
The invariant mass spectrums of the J/ψ → NN η ′ decay cover the energy range from m N +m η ′ ≃ 1.90 GeV to m J/ψ − m N ≃ 2.16 GeV, where the debatable P 13 (1900) state [4, 7] and the long-sought third S 11 and P 11 states at about 2100 MeV [2] [3] [4] [5] [6] [7] are expected to be present. The P 13 (1900) state, which is unfavored by diquark models, is considered at the early stage of Giessen model [7] [8] [9] [10] [11] and KSU survey [14, 15] . The Bonn-Gatchina partial wave analysis find its evidence in the KΣ photoproduction data only recently [3, 4] , but the latest GWU analysis do not include it as before [16] . The existence of the third S 11 and P 11 states could shed light on the spin quartet of nucleon resonances, which is disputed in classical diquark models [5] . This topic is interesting also because it could shed light on the nature and the internal structure of relevant nucleon resonances which may have large ss component [50] . It can also serve as a guideline to the future detailed PWA in view of the current scarce information on these resonances.
In the mentioning decay channels, the possible background contribution -the nucleon pole -has been calcu-
The s-and u-channel Feynman diagram for the πN → η ′ N reaction in the isobar model.
The Feynman diagram for the J/ψ → ppη ′ decay in the isobar model. lated to be negligible, except in the J/ψ → NN π [55] [56] [57] , as anticipated by the suppression from the large off-shell effect. The meson-pole Feynman diagrams, e.g. J/ψ → M η ′ → (pp)η ′ , could also be ignored because of the smallness of the relevant coupling [58] . So the main contribution should come from the nucleon resonances. In an isobar model including several possible resonances coupling strongly to N φ, the J/ψ → ppφ has been studied and useful hints are given for the future data analysis [59] . In this paper, we will give a full study of the J/ψ → ppη ′ decay based on our present understanding of the resonances with mass around 2.0 GeV with the model parameters constrained by the data of πN → η ′ N channel.
In the next section, the construction of the model and the mathematical framework is presented in detail. Section III is continued to demonstrate the calculated results, followed by a short summary in section IV.
II. INGREDIENTS AND FORMALISM
We use the isobar model with the assumption of nucleon resonances dominance in the paper. We use the available data of the πN → η ′ N reaction to determine the unknown coupling constants of η ′ N N * vertices. The s-and u-channel process as depicted in Fig. 1 are included in the model, but the t-channel contribution is not considered because we do not find any meson coupling strongly to πη ′ . The nucleon pole [54] is calculated to be very small so we disregard it, too. As pointed out above, the invariant mass of η ′ N and η ′N in the J/ψ → ppη ′ decay cover the energies up to 2.16 GeV, so herein we consider the center of mass (c.m.) energy range from threshold to 2.5 GeV in the πN → η ′ N reaction in order to better constraint the coupling constants of the η ′ N N * vertices. The Feynman diagrams of the J/ψ → ppη ′ decay in the model are shown in Fig. 2 . We use the experimental branching ratios (BR) of J/ψ → ppη and J/ψ → ppπ 0 to extract the coupling constants of J/ψN N * , whose Feynman diagrams are similar to Fig. 2 , but replacing the final meson by the π-and η-meson, respectively.
Before continuing to the formalism, we first explain the strategy of selecting the nucleon resonances in the model. We only include the S-and P -wave states because the energy we consider here is not far away from threshold, and also the evidence of higher spin resonances coupling to η ′ N is little [1] . A further reference worthy to be mentioned is that the PWA in the J/ψ → ppη do not find any signal of higher partial waves [40] . In addition, we consider the known states with relatively big partial decay widths to strangeness or associate strangeness channels, because these states are expected to couple strongly to the η ′ N channel. The P 13 (1900) state, locating very close to the η ′ N threshold, seems to have big couplings to ηN , KΣ, KΛ [1] and N φ [59] . However its decay width to η ′ N is critically suppressed by the very small phase space, which is probably the reason of its obscurity in the presnt PWA analysis. Just above the threshold is situated the S 11 (2090) and P 11 (2100), which may have big couplings to η ′ N but rank only two and one star, respectively in the compilation of Particle Data Group (PDG) [1] . The S 11 (2090) is labeled as S 11 (1895) in the latest PDG with the recommended Breit-Wigner mass to be around 2090 MeV. We include the sub-threshold resonance S 11 (1535) because it may have big couplings to η ′ N , as found in pN → pN η ′ reaction [30] . In fact, the constitute of this resonance may have significant ss element [61, 62] , resulting in its big couplings to KΛ [23] and N φ [25, 31, 60] . However, the combination of several Sand P -wave resonances above η ′ N threshold could give reasonable description to the data of pN → pN η ′ [52] [53] [54] . One of the purposes in this paper is to explore whether it is possible to discriminate these two η ′ production mechanisms in the J/ψ → ppη ′ decay. Another sub-threshold resonance P 11 (1710) is considered in the model because it has relatively big decay width to the ηN . Other subthreshold resonances, i.e. the S 11 (1650) and P 11 (1880) state [1, 3] is not considered because they can not be distinguished from the nearby S 11 (1535) and P 11 (1710) resonances by the current η ′ production data. So in this paper we include S 11 (1535), P 11 (1710), P 13 (1900), S 11 (2090) and P 11 (2100), labeled as 1 ∼ 5 with the increasing masses. As can be seen in the PDG [1] , the widths of the last three resonances have big discrepancy between different models. Herein we adopt the treatment in Ref. [59] and use three widths of each resonance, determined by three different models [1] , labeled respectively as (a), (b) and (c) from narrow one to wide one. We try to use the combinations of these widths to fit the data with less model parameters. In the following text, we label different fitting strategies as nr.ixjykz..., which means its fitting with n resonances with the (x), (y) and (z) etc. widths for i, j and k etc. resonances, respectively. For example, the 3r.2-3b4c is fitting with 3 resonances, which is P 11 (1710), P 13 (1900) with its (b) width, and S 11 (2090) with its (c) width.
In order to evaluate the Feynman diagrams in Fig. 1 and Fig. 2 , we construct the effective Lagrangians with the covariant L-S (obital-spin) coupling scheme [33, 34, [47] [48] [49] . The couplings of pseudoscalar meson (M = τ · π, η or η ′ ) to S 11 , P 11 and P 13 resonances (R) are:
with Γ − = 1 and Γ + = iγ 5 for R = S 11 and P 11 , respectively. The couplings of J/ψ to resonances are:
with Γ − µ = iγ 5 σ µν p ν ψ /m N and Γ + µ = γ µ for R = S 11 and P 11 , respectively. It should be noted that the J/ψ produced in e + e − collisions is transversely polarized so the polarization vector ǫ µ (p, , s ψ ) is satisfying,
The intermediate resonances are multiplied by off-shell form factors to suppress the contribution of high momentum:
with Λ R and q being, respectively, the cut-off parameter and four-momentum of the resonances. The Λ R = 1.1 and 2.0 are used in the s-and u-channel in the πN → η ′ N reaction, respectively. In the J/ψ decay channels, the Λ R = 1.8 and 2.3 are adopted for the resonances below and above threshold, respectively. The propagators of the resonances with total spin J = 1/2 and 3/3 are:
where ± are for the particles and antiparticles, respectively.
The partial decay widths of nucleon resonances could be calculated by the above Lagrangins, e.g. Eq. (1) and Eq. (2) as following:
with Γ 1/2 = 3 and
The ± is for S 11 (P 13 ) and P 11 , respectively. The energy of the nucleon in the rest frame of resonances is E N = (p cm N ) 2 + m 2 N , with the corresponding momentum
So the coupling constants of M N R vertex, as listed in Tab. I, could be determined by the experimental decay widths of R → N M in the compilation of PDG [1] . Because the parameters of P 13 (1900), S 11 (2090) and P 11 (2100) have large uncertainties, their widths are adopted from three PWA groups, see PDG [1] for details. The branch decay ratio of S 11 (1535) and P 11 (1710) to ηN channel are 53% and 6.2%, respectively, with the resulting values g After some algebraic manipulation, the separate amplitudes of the π ± N → η ′ N is written as,
with q = p b + p i and q ′ = p b − p f for s-and u-channel, respectively. Here the interaction vertices Γ η ′ N R and Γ πN R could be read directly from Eq. (1) and Eq. (2) as 1, iγ 5 and ip µ f,i /m R for R = S 11 , P 11 and P 13 respectively. The total amplitudes is the coherent sum of all resonances with the relative phase setting as free parameters to be determined by the data.
The J/ψ → NN M (M = π or η ′ ) decay amplitude for each resonance could be written as, (13) with the isospin factor δ M = 1 or √ 2 for neutral or charged final mesons, respectively. The vertices Γ ψN R could be read directly from Eq. (3) and Eq. (4) as iγ 5 σ µν p ν ψ /m N , γ µ and iγ 5 for R = S 11 , P 11 and P 13 respectively.
We use the same method to determine the g ψN R as in Ref. [59] and update the values with the amplitudes in Eq. (13) . In BES's PWA [40] , the branch ratio of the J/ψ → ppη is determined to be (1.91±0.02±0.17)×10 −3 , among which the S 11 (1535) contributes (56 ± 15)%. So the g ψN N * (1535) could be well determined, taking advantage of the above value of the g ηN N * (1535) with the known g πN N * (1535) , we can predict the fraction contribution of the S 11 (1535) in the J/ψ → ppπ 0 is 1.83 × 10 −2 keV, compatible with the branching fraction (0.92 ∼ 2.10) × 10 −4 in BES's PWA [36] . However, the contribution of other resonances in J/ψ → NN M is not well disentangled by PWA and they depend on the model parameters and the selected sets of resonances [36] . The total branch ratio of the J/ψ → pnπ − + c.c. is consistent with expectation from the J/ψ → ppπ 0 with the isospin relation but the fraction contribution of separate resonances is not extracted yet [37] . Based on the uncertainties given by the BES's analysis [36] , we can safely assume that the fraction contribution of the P 11 (1710), P 13 (1900), S 11 (2090) and P 11 (2100) are all 10% in J/ψ → ppπ 0 , then the g ψN R could be determined, as tabulated in Tab. I. These values are also good starting point to calculate other J/ψ hadronic decay channels, e.g. the J/ψ → NN ππ channel.
III. NUMERICAL RESULTS
The total cross section of πN → η ′ N is around 100 nb and roughly at the same level from the threshold to the center of mass (c.m.) energy √ s = 2.50 GeV. The data also show an inconspicuous structure with two bumps at threshold and around 2.15 GeV, respectively. These prominent features are directly reflected in the following numerical fit results.
Evidently, one resonance alone can not give an excellent description of the data in this wide energy range. However, the P 11 (1710) could achieve a fair χ 2 with the existing data, indicating as 1r.2-in Tab. II. As demonstrated in Fig. 3 , the u-channel P 11 (1710) diagram is significantly contributing a smooth background and the trend describes roughly the feature of the data without clear signal of generated resonances as mentioned above. At this stage it can not exclude this possibility due to the scarce data collection. Adding other resonances located above threshold, either wide or narrow, could improve the fit quality of the data. Due to so many solutions if includ- ing P 11 (1710) into the model, we only show some selected typical fitted parameters in Tab. II, with the corresponding curves depicted in Fig. 3 . We can see that the χ 2 is getting a little better when the number of resonances is increasing. As shown in Fig. 3(c) , the four-resonances solution gives a clear two bumps structure and is different from other solutions with relative plain curves. But the five-resonances solution 5r.1-2-3c4c5c is nearly in the same quality with the four-resonances one in terms of the χ 2 values and its uncertainties of parameters is obviously bigger, exhausting the limitation of the data. This is also one of the reasons why we do not include more resonances in our model. It is a common feature that the u-channel P 11 (1710) contribution acts as an important smooth background and other resonances induces broad humps in all these solutions. In the following text we would focus on the solution without the P 11 (1710) resonances. Two types of combination of two resonances have a good χ 2 . One is the P 11 (1710) with a resonances above threshold, with an representative example already shown as solution 2r.2-4c in Tab. II and Fig. 3(a) . The other one is the P 13 (1900) and broad P 11 (2100), and the extracted parameters are presented in the upper part of Tab. III, with a typical diagram of the total cross section of πN → η ′ N shown in Fig. 4(a) . In the two-resonances solution, a relatively broad resonance above threshold is favored in order to reproduce the level behavior in the data. Here the S 11 (1535) seems to be not needed, but it should be cautious to draw this conclusion because the S 11 (1535) only contributes to the very close-to-threshold region, so adding only one resonance besides the S 11 (1535) can not explain well the big cross section at high energy. Surely, the S 11 (1535) alone could give a reasonable account of the very close-to-threshold data, as discussed in Ref. [30] and shown in the three-and four-resonances solutions below.
Besides the three-resonances solution with the P 11 (1710), representatively shown in Fig. 3(b) , all other three-resonances solutions with the χ 2 around 2.3 are summarized in Tab. III and the typically diagrams are shown in Fig. 4(b-d) . As can be seen in Fig. 4(b)(c) , the N * (1535) could improve the χ 2 from around 2.6 to about 2.3, mainly because of the better fit to the closeto-threshold data. However, its role could be substituted by other resonances above threshold and the combination of the P 13 (1900), S 11 (2090) and P 11 (2100) could give an equally good description of the data, as shown in Fig. 4(c) . Obviously, we need more data to differentiate these mechanisms, especially those of the angular distributions and polarized observables.
About the four-resonances solutions, besides those mentioned above with including the P 11 (1710) (see Fig. 3(c) for representative example), the S 11 (1535), P 13 (1900), S 11 (2090) and P 11 (2100) together could reproduce the data, as listed in Tab. IV. The χ 2 ranges from 2.1 to 2.5 depending on the different widths of three resonances above threshold and the wider widths seem to be a little favored, mainly because of the feature of the data mentioned above. The contribution of S 11 (1535) is prominent at close-to-threshold region, as can be seen in Fig. 5 . The P 13 (1900) is responsible for the first bump while the S 11 (2090) and P 11 (2100) together produce the second one. This is also happened in many other solutions when they are inclued.
It can be seen the situation is much more complicated than that in the π − p → φn channel, where the S 11 (1535) resonance is dominant in a wide energy range [59] . But we can still find some common features in all the solu- tions besides those mentioned above. The contribution of the u-channel S 11 (1535) and P 11 (2100) is moderate at all energies and the u-channel P 11 (1900) is important at high energies. The u-channel S 11 (2090) term is very small and tends to be negligible. The interference effect can be seen, especially at threshold range, but it is not so important. This is understandable because we only fit the total cross section but the interference effect is more obvious in the differential cross sections and polarization observables. Moreover, it should be pointed out that the large errors of the relative phase φ u , most of which are compatible with zero degree, reflect the smallness of the corresponding u−channel contribution, but not only because of the limited data base. Based on the above carefully analysis, we can conclude that at least one of the resonance among the S 11 (1535), P 11 (1710) and P 11 (1900) is required by the close-tothreshold data. We can also safely draw the conclusion that at least one relatively broad resonance above η ′ N threshold is preferred. It is possible to further pin down the model parameters by the data of differential cross sections, which are however not at hand. It seems that the data of η ′ photoproducion still do not give enough constraint to the model parameters, especially the masses and widths of the contributed resonances [54] . Anyway, the central values of extracted coupling constants are quite stable within the given uncertainties among these solutions, as shown in the tables. Especially, our present g η ′ N N * (1535) is consistent with the values in Ref. [30] , and gives further support to the idea that the wave function of N * (1535) resonance has big ss component [61, 62] . These reasons give us the confidence to use these extracted in-formation from the πN → η ′ N reaction to study the J/ψ → ppη ′ decay.
The BES Collaboration has accurately measured the BR(J/ψ → ppη ′ ) to be (2.00 ± 0.23 ± 0.28) × 10 −4 [43] , about one order smaller than that of J/ψ → ppη channel. With the total width Γ J/ψ = 92.9 ± 2.8 keV [1] , we know the corresponding Γ J/ψ→ppη ′ = (1.86 ± 0.27 ± 0.32) × 10 −2 keV. The calculated Γ J/ψ→ppη ′ using above parameters is in the range of 0.9 ∼ 8.2 ×10 −2 keV, roughly compatible with the experiment within errors.
What we are more interested in is the invariant mass spectrums and Dalitz plots which may give us insight to the information of nucleon resonances. In Fig. 6 we show the invariant mass spectrums of the solutions 3r.2-3b4c, 3r.3c4c5c, 4r.1-3b4c5c and 5r.1-2-3c4c5c as representative examples. It can be seen in Fig. 6(a) that the calculated spectrums do not have significant difference between solutions 3r.2-3b4c and 3r.3c4c5c, and this is also true for solutions 4r.1-3b4c5c and 5r.1-2-3c4c5c in Fig. 6(c)(d) . In the η ′ p spectrums, the enhancement is usually located above 2.0 GeV and the resonances below threshold move it a little closer to 2.0 GeV, as shown in Fig. 6(a) . The more obvious effect of the resonances below threshold is appearing in the pp spectrums in Fig. 6(b) . So in this situation it is probable to disentangle two η ′ N production mechanism mentioned in the Introduction: the above or below threshold resonant contribution. Fig. 7 depicts the Dalitz plots of the solutions 3r.3c4c5c and 5r.1-2-3c4c5c, which agrees with the conclusions in the invariant mass spectrums. As can be seen, the pp-η ′ p plots show more difference between various solutions so they are more suitable to study the η ′ N production. Unfortunately, some of the invariant mass spectrums and Dalitz plots, e.g. solutions 2r.3a5c and 4r.1-3a4b5b, are very close to those of pure phase space, so they are unlikely to be distinguished from the totally non-resonant η ′ N production mechanism. However, we could still expect that these two mechanisms would be recognized in the πN → η ′ N or γN → η ′ N reaction. As a result, it is necessary to give a combined analysis to the data of various η ′ N production channels in order to pin down the η ′ N production mechanism.
It seems that it is more difficult to study the resonances in the J/ψ → ppη ′ channel than in other decay channels, because all the above solutions do not show extraordinary resonances structures in the invariant mass spectrums and their deviation from phase space is not very significant. This is contrary to the case in the J/ψ → ppφ [59] , the J/ψ → ppπ 0 [36] and the ψ(3686) → ppπ 0 decays [38] , where the resonance peaks obviously appear in the invariant mass spectrums and are also directly reflected in the Dalitz plots. Fortunately, the BESIII group is planning to collect around ten billion J/ψ events in the near future, which is estimated to contain about two million events of J/ψ → ppη ′ decay. Owing to such a large data base, it is still possible to study the nucleon resonances in the J/ψ → ppη ′ decay. 
IV. SUMMARY
In a short summary, we perform a full analysis in the effective Lagrangian approach to extract the information from the data of πN → η ′ N reaction. Though the present data do not restrict enough the production mechanism, we find that either a subthreshold resonance or a broad P -wave state at near threshold seems to be required and at least one broad resonance above η ′ N threshold is preferred by the data. This is useful to our understanding of the nucleon resonances coupling strongly to the η ′ N channel. From the present analysis of the data, we could calculate the J/ψ → ppη ′ decay and find that there is no so distinct resonances structures in the invariant mass spectrums as in other decay chan- nels. However, the J/ψ → ppη ′ decay may still be useful for discriminating the below or above resonant contribution in the η ′ N production. The BESIII group are encouraged to do the PWA on the basis of future large data base. The data of πN → η ′ N and γN → η ′ N reactions are also suggested to be included to give a combined analysis in order to finally determine the η ′ N production mechanism and resonances contribution.
It is worth to point out that our results are also meaningful to the study of the pp → J/ψη ′ at PANDA@FAIR [63] . We can speculate that the contribution of the t−channel nucleon resonances should be much more important than that of the t−channel nucleon pole in this reaction. The similar conclusion should be also applied to the associate production of charmonium state and other non-strange meson (except for π-meson) in pp annihilation, namely pp → J/ψη, pp → J/ψω and pp → J/ψφ. As a result, the total cross section of these reactions are expected to be enhanced so they could be more easily measured at PANDA.
